Abstract More than about 50% stars are in binaries, but most stellar population studies take single star stellar population (ssSSP) models, which do not take binary interactions into account. In fact, the integrated peculiarities of ssSSPs are various from those of stellar populations with binary interactions (bsSSPs). Therefore, it is necessary to investigate the effects of binary interactions on the Lick indices and colours of populations detailedly. We show some formulae for calculating the difference between the Lick indices and colours of bsSSPs, and those of ssSSPs. Twenty-five Lick indices and 12 colours are studied in the work. The results can be conveniently used for calculating the effects of binary interactions on stellar population studies and for adding the effects of binary interactions into present ssSSP models. The electrical data and fortran procedures of the paper can be obtained on request to the authors.
INTRODUCTION
In the golden era for studying the formation and evolution of galaxies, evolutionary stellar population synthesis has been an important technique for such works, as some stellar characteristics (e.g., stellar age and metallicity) of galaxies can be determined via this technique. Many stellar population synthesis models, e.g., Worthey 1994, Buzzoni (1995) , Bressan et al. (2003) , Vázquez & Leitherer (2005) , Bruzual & Charlot (2003) , Fioc & Rocca-Volmerange (1997) , Vazdekis et al. (2003) , Delgado et al. (2005) , and Zhang et al. (2005) , were brought forward and have been widely used for stellar population studies. However, the above models except the one of Zhang et al. (2005) are single star stellar population (ssSSP) models that did not take the effects of binary interactions into account. According to the results of Han et al. (2001) , more than 50% stars of the Galaxy are in binaries and binaries evolve differently from single ⋆ E-mail: zhongmu.li@gmail.com stars. The real stellar populations of galaxies and star clusters consist of not only single stars, but also binary stars. Thus ssSSPs are different from the real populations of galaxies and star clusters. In fact, binary evolution can affect the integrated peculiarities (e.g., the spectral energy distributions in UV bands) of stellar populations significantly (see, e.g., Han et al. 2007) . Therefore, the effects of binary evolution should be taken into account when modeling the stellar populations of galaxies and star clusters.
A few works have been tried to investigate the effects of binary evolution on stellar population synthesis. For example, Zhang et al. (2005) tried to model populations via binary stars. In addition, Li & Han (2008b) built an isochrone database for quickly modeling binary star stellar populations (bsSSPs) and a rapid model (hereafter RP S model) for both ssSSPs and bsSSPs. In special, Li & Han (2008c) investigated the detailed effects of binary interactions on the results of stellar population synthesis and the results of stellar population studies. The results can help us to understand how the results obtained via ssSSPs are different from those obtained via bsSSPs, when taking Hβ- [MgFe] (Thomas et al. 2003) and two-colour methods. According to the results of Li & Han (2008c) , when we use ssSSP models to measure the stellar ages and metallicities of galaxies, we will obtain obviously younger ages or lower metallicities compared to the real values of populations, using Hβ- [MgFe] and two-colour methods, respectively. However, there is no clear relation between the real metallicities and fitted (via ssSSPs) results of populations. One please refer to Li & Han (2008c) for more details. In this case, it is difficult to get more accurate information about the stellar metallicities of galaxies via ssSSP models, and then the chemical evolution of galaxies. Furthermore, the previous work only shows the results for Hβ- [MgFe] method, when taking Lick indices for works, but some other methods and indices are also used in investigations. Thus it is necessary to investigate the effects of binary interactions on the results of stellar population studies obtained via various Lick indices further. The metallicity range of above bsSSP models (Zhang et al. (2005) , Li & Han (2008b) ) seems not wide enough (see Li et al. 2006) , as it only covers the metallicity range poorer than 0.03 (Z ≤ 0.03). This is limited by the star evolution code. If we can give the relation between the effects of binary interactions and the stellar-population parameters (age and metallicity), we will be able to understand the populations of galaxies and star clusters further, and more detailed investigations about galaxy formation and evolution will have in the future. Therefore, it is valuable to study how the effects of binary interactions on integrated peculiarities of populations change with stellar age and metallicity. We have a try in this work. As a result, a few formulae for describing the relations between the effects of binary interactions on integrated indices (Lick indices and colours indices) and stellar-population parameters are presented.
The structure of the paper is as follows. In Sect. 2 we introduce the stellar population model used in the paper. In Sect. 3 we show the fitting formulae for the changes of 25 Lick indices caused by binary interactions when comparing to those of ssSSPs. In Sect. 4 we give similar investigations to 12 colours of populations. Finally, we give our discussion and conclusion in Sect. 5.
STELLAR POPULATION MODEL USED IN THE PAPER
The RP S model of Li & Han (2008b) is used in this investigation, because there is no more suitable model. The model calculated the integrated peculiarities (0.3Å SEDs, Lick indices and colours) of both bsSSPs and ssSSPs with two widely used initial mass functions (IMFs) (Salpeter and Chabrier IMFs). Each bsSSP contains about 50% stars that are in binaries with orbital periods less than 100 yr (the typical value of the Galaxy, see Han et al. 1995) . Binary interactions such as mass transfer, mass accretion, common-envelope evolution, collisions, supernova kicks, angular momentum loss mechanism, and tidal interactions are considered when evolving binaries via the rapid stellar evolution code of Hurley et al. (2002) . Therefore, the RP S model is suitable for studying the effects of binary interactions on stellar population synthesis. The details about the model can be seen in the paper of Li & Han (2008b) and Li & Han (2008c) . For convenience, we take stellar populations with Salpeter IMF for our standard investigations in the work, but the results obtained via populations with Chabrier IMF are also presented.
FITTING FORMULAE FOR THE EFFECTS OF BINARY INTERACTIONS ON 25 LICK INDICES
Lick indices are the most widely used indices in stellar population studies, because they can disentangle the well-known stellar age-metallicity degeneracy (Worthey 1994) . Making use of an age-sensitive index (e.g., Hβ) together with a metallicity-sensitive index (e.g., [MgFe] , see Thomas et al. 2003) , the stellar age and metallicity of a population can be determined. Thus to investigate the effects of binary interactions on the Lick indices of stellar populations is important. The work of Li & Han (2008c) showed that binary interactions make the Hβ index less while some metal-line indices larger compared to those of ssSSPs. It leads to younger age estimate when we take ssSSPs for works. However, in that work, only the results obtained via Hβ- [MgFe] method are compared to the real values of populations. Some other Lick indices, e.g., Mg2, Hδ A , and Hγ A , are also widely used in studies (e.g., Gallazzi et al. 2005) . Therefore, it is necessary to study the effects of binary interactions on more Lick indices and give the quantitative relations between binary effects and stellar-population parameters. Here we study on 25 widely used indices and fit the relations between the changes caused by binary interactions and the stellar-population parameters (age and metallicity), via a polynomial fitting method. The results can be used to calculate the differences between the 25 Lick indices of two kinds of populations with small errors (typically less than 0.03Å or mag). All Lick indices are on the Lick system (see, e.g., Worthey 1994). When comparing to ssSSPs, the effects of binary interactions on Lick indices can be calculated from stellar age and metallicity, by
where ∆I is the change of a Lick index caused by binary interactions, and Z is stellar metallicity, while t is stellar age. The detailed coefficients for our standard investigation are shown in Tables  1 and 2 . Those for populations with Chabrier IMF are shown in the Appendix. For clearly, in Figs. 1, 2, and 3, we compare the changes calculated by equation (1) with the original values obtained in the work. Note that we only show the fittings for 12 widely used Lick indices here, because the fittings for other indices are similar. As we see, for the indices shown, the values calculated by the above equation are consistent with those obtained directly by comparing the Lick indices of bsSSPs and ssSSPs, with typical errors of 0.03Å or mag. Therefore, the fitting formulae presented can be used to calculate the differences of Lick indices of bsSSPs and ssSSPs, using the age and metallicity of populations. In addition, the results show that binary interactions make age-sensitive indices (e.g., Hβ, Hδ A , Hδ F , Hγ A , Hγ F ) of a bsSSP larger than those of its corresponding (with the same age and metallicity) ssSSP, while making metallicitysensitive indices (e.g., Mg or Fe indices) of a bsSSP less than that of its corresponding ssSSP. This is similar to that shown in the paper of Li & Han (2008c) . Furthermore, it is shown that the differences between Lick indices of bsSSPs and ssSSPs increase with age when stellar age is small (< about 2.5 Gyr), and they decrease with age for larger age. This results from the star sample (i.e., the fraction of binaries and the relation between the masses of the two components of each binary) of stellar populations. As a whole, the values calculated via the fitting formulae obtained by the paper reproduce the evolution of the difference between Lick indices of bsSSPs and ssSSPs. 
FITTING FORMULAE FOR EFFECTS OF BINARY INTERACTIONS ON 12 COLOURS
Because colours can also be used for stellar population studies, we fit the formulae for calculating the colour changes cased by binary interactions when comparing to ssSSPs. One can refer to, e.g., , , Li & Han (2008a) , Li & Han (2008c) , for the application of colours in stellar population studies. Some Johnson system colours, Sloan Digital Sky Survey system (hereafter SDSS-ugriz system) colours, and some composite colours that consist of both Johnson and an SDSS-ugriz magnitudes are studied. We only study the colours of populations with Z ≥ 0.004, because it is difficult to determine the stellar age and metallicity of metalpoor (e.g., Z < 0.008) populations via colours under the typical observational uncertainties (Li & Han (2008a) ) and metallicity affect the colours of metal-poor populations stronger. Thus one should use the results shown here for more metal-poor populations carefully. Because it is impossible to give the formulae for all colours, we give some ones for calculating the effects of binary interactions on 12 important colours, which are sensitive to stellar age or metallicity, according to the work of Li & Han (2008a) . The 12 colours are ( 
, and (z − K) are more sensitive to stellar age and the others to metallicity. Our work shows that the changes of the above colours caused by binary interactions can be expressed as
where ∆I ′ is the change of colours caused by binary interactions, and t is stellar age. The coefficients of the equation are shown in Table 3 . Note that the results for populations with both Salpeter IMF (standard investigation) and Chabrier IMF are listed in the table. We can find that equation (2) does not include the metallicity of populations. The reason is that colours are less sensitive to metallicity compared to Lick indices and they seem to be affected by the Mento Carlo method used to generate our star sample. The fitting of the effects of binary interactions on 12 colours are shown in Figs. 4, 5, and 6. As we see, the fitting formulae can give average colour changes caused by binary interactions. However, because the results calculated using equation (2) have typical errors about 0.02 mag, some additional uncertainties may be brought into the results of stellar population studies. 
DISCUSSION AND CONCLUSIONS
We present some formulae for conveniently computing the changes caused by binary interactions in 25 Lick indices and 12 colours, compared to the indices of single star stellar populations (ssSSPs). It is shown that the fitting formulae presented in the paper can reproduce the changes in Lick indices caused by binary interactions with small errors and can be used to estimate similar changes in colours. It is also found that binary interactions make age-sensitive Lick indices (not only Hβ, but also Hδ A , Hδ F , Hγ A , Hγ F ) larger, while making metallicity-sensitive indices less compared to those of ssSSPs. This is useful for estimating the effects of binary evolution on the results of stellar population studies and for adding the effects of binary interactions into ssSSP models. Therefore, when an age-sensitive Lick index is used together with a metallicitysensitive Lick index to determine the ages and metallicities of populations, younger ages will be obtained, especially for metal-poor populations, see also Li & Han (2008c) . Note that only binary star stellar populations (bsSSPs) and ssSSPs with four metallicities (Z = 0.004, 0.01, 0.02, and 0.03) are used in the work. This is actually limited by the metallicity coverage of stellar population model and the less sensitivities of colours to metallicity. Thus the results are more suitable for studying metal-rich (Z ≥ 0.004) populations, because the differences between integrated peculiarities of populations with various metallicities seem larger for metalpoor populations. In addition, although different formulae are presented for populations with various initial mass functions (IMFs), the changes calculated via two kinds of formulae (the formulae for populations with Salpeter and Chabrier IMFs) are similar. In other words, the changes calculated by the formulae obtained using populations with Salpeter IMF or Chabrier IMF can give us some pictures for the effects of binary interactions. Furthermore, because the Monte Carlo technique used to generate the binary sample of stellar populations make the evolution of integrated peculiarities of populations unsmooth, some results, especially, those for colours, may be somewhat rough. The additional uncertainties involved should be taken into account. If possible, we will give more detailed studies in the future.
Li Z., Han Z., 2008c , ApJ, 685, 225 Thomas D., Maraston C., Bender R., 2003 , MNRAS, 343, 279 Vazdekis A., Cenarro A. J., Gorgas J. et al., 2003 , MNRAS, 340, 1317 Vázquez G. A., Leitherer C., 2005 , ApJ, 621, 695 Worthey G., 1994 Worthey G., Faber S. M., Gonzalez J. J. et al., 1994, ApJS, 94, 687 Zhang F., Li L., Han Z., 2005, MNRAS, 364, 503 This paper was prepared with the ChJAA L A T E X macro v1.0. Colour  C1  C2  C3  C4  C1  C2  C3  C4  (B-V 
